Carbon nanotube (CNT)-based nanocomposites often possess properties such as high stiffness, electrical conductivity, and thermal stability and have been studied for various biomedical and biotechnological applications. However, the current design approaches utilize CNTs as physical fillers, and thus, the true potential of CNT-based nanocomposites has not been realized. Here, we introduce a general approach to fabricating stiff, elastomeric nanocomposites from poly(glycerol sebacate) (PGS) and CNTs. The covalent crosslinking between the nanotubes and polymer chains resulted in novel property combinations that are not observed in conventional nanocomposites. The addition of 1% CNTs resulted in a five-fold increase in the tensile modulus and a six-fold increase in compression modulus compared with PGS alone, which is far superior to the previously reported studies for CNT-based nanocomposites. Despite a significant increase in mechanical stiffness, the elasticity of the network was not compromised and the resulting nanocomposites showed more than 94% recovery. This study demonstrates that the chemical conjugation of CNTs to a PGS backbone results in stiff and elastomeric nanocomposites. Additionally, in vitro studies using human mesenchymal stem cells (hMSCs) indicated that the incorporation of CNTs into the PGS network significantly enhanced the differentiation potential of the seeded hMSCs, rendering them potentially suitable for applications ranging from scaffolding in musculoskeletal tissue engineering to biosensors in biomedical devices.
Introduction
Carbon nanotubes (CNTs) have shown exceptional structural, electrical, mechanical, and thermal properties. [1] [2] [3] CNT-based nanocomposites possess a unique property combination and have been explored for numerous technological applications such as actuators, 4 ,5 body armor, 6 conductive tapes, 7 flame retardants, 8 energy storage, 9 tissue engineering, 10,11 delivery devices, 12, 13 biosensors, [14] [15] [16] and biomedical devices. [17] [18] [19] Despite interesting physical and chemical properties, the true potential of CNT-based nanocomposites is yet to be realized. [20] [21] [22] This is due to strong π-π stacking interactions between CNTs that limit the dispersion of CNTs within the polymeric matrix and decrease their ability to improve the structural, chemical and biological properties of the nanocomposite network.
To overcome this shortcoming, numerous techniques are used to augment the dispersion of CNTs within the polymeric network, such as surface functionalization. [23] [24] [25] [26] The surfaces of CNTs are modified with different polar groups including carboxyl, 27 hydroxyl, 28 and amine 29 to facilitate their uniform chains shield the surface of CNTs, and the adjoining polymeric network simply recognizes the surface-grafted polymer. This shielding method improves CNT distribution within the polymeric matrix due to an increase in physical interactions between polymer chains and surface-grafted CNTs. Two different strategies that are currently employed to covalently graft polymers onto CNT surfaces are "grafting from" and "grafting to" strategies. The "grafting to" strategy showed limitations in obtaining dense grafting density on the CNT surfaces due to the steric hindrance of reactive groups present on the polymer backbone and a relatively small number of functional groups available on the surface of CNTs. However, the "grafting from" strategy showed the formation of dense grafting of polymers onto the CNT surfaces. In the last decade, these strategies were extensively used to physically reinforce polymeric networks with CNTs to obtain mechanically superior nanocomposites. 21, 22 In a recent study, the CNT surfaces were grafted with poly(cyclohexyl methacrylate) by surface-initiated atom transfer radical polymerization. The grafting of polymer onto CNTs significantly enhanced the electrical and mechanical properties of resulting nanocomposites. 35 Despite the increase in interaction between CNTs and the polymeric network, the utility of CNTs as a reinforcing agent is yet to be fully exploited as most studies have used functionalized CNTs as a physical reinforcer. 27, 29 By chemically conjugating CNT surfaces with the polymeric network, CNTs can be used as a crosslinking agent. To our knowledge, limited efforts are directed towards utilizing CNTs as a crosslinking agent. It is expected that if CNTs are covalently conjugated within the polymeric network, novel property combinations may be achieved.
To design CNT-reinforced composite, poly(glycerol sebacate) (PGS), 36 ,37 a polyester, is selected to chemically conjugate with CNTs. PGS is an elastomeric polyester synthesized by polycondensation of sebacic acid and glycerol without the presence of any toxic catalyst. 37 The availability of additional hydroxyl groups hydrates the PGS surface and provides cells with a tissue-like environment. Due to the elastomeric properties of PGS, it has been used to engineer soft tissues such as cardiac, renal, and heart valve tissues. 38, 39 When implanted in vivo, PGS is readily metabolized under physiological conditions since both glycerol and sebacic acid are endogenous components. Moreover, the degradation of PGS follows the surface erosion mechanism and can be tailored to follow the ECM biosynthesis without exhibiting any sudden change in structural, physical and chemical properties. 37 Here, we developed chemically crosslinked PGS-carbon nanotube (PGS-CNT) nanocomposites. The additional hydroxyl groups present on the PGS backbone esterify with the carboxylic groups present on CNT surfaces during the thermal curing process, which is an advantage over other polyesterbased nanocomposites. The chemical conjugation of CNTs with the polyester backbone considerably amplifies the physical and chemical properties of the nanocomposites. By covalently conjugating PGS with CNTs, we expect to obtain mechanically stiff nanocomposites that can be used for a range of biomedical applications, including as bone scaffolds, cardiac patches, nerve conduits, as well as for a range of other biomedical devices. obtained from Sigma-Aldrich (USA). PGS was synthesized by polycondensation reaction using a previously reported method. 39, 40 Briefly, glycerol and sebacic acid (1 : 1 molar ratio) were mixed in a 250 mL two necks round bottom flask and heated to 130°C in a silicon bath (under argon atmosphere for 2 hours). The pressure was then decreased to 50 mTorr in 5 hours, and the reaction was continued for 24 hours at 130°C. The PGS prepolymer solution was then cooled to room temperature and its molecular weight distribution was analyzed using gel permeation chromatography (GPC) (M n = 3960 g mol −1 ; PDI = 1.6). Since the initial molar ratio of carboxylic acid to hydroxyl groups was 2 : 3, additional hydroxyl groups were available on the PGS backbone for further crosslinking.
Materials and methods

Synthesis of poly(glycerol sebacate) (PGS)
Synthesis of PGS-CNT nanocomposites
Carboxyl functionalized multi-walled CNTs (50-250 µm in length; ∼9 ± 8 nm in diameter; 95% purity) were obtained from NanoLab Inc. (MA, USA). The nanocomposites were prepared by mixing PGS prepolymer in tetrahydrofuran (THF) (50% w/v) and adding a specific amount of CNTs (0.25, 0.5, and 1%) to the solution. CNTs were suspended in the PGS solution using ultrasonication. A substantial increase in the viscosity of PGS solution was detected due to strong interactions between PGS and CNTs. The solution was then poured in Teflon-based flat Petri dish and the THF was evaporated overnight. The dried PGS-CNTs prepolymer films were cured at 130°C for 40 hours under vacuum. The nanocomposites were named as PGS-0.25%CNTs, PGS-0.5%CNTs and PGS-1%CNTs, respectively, depending on the final concentration of CNTs with respect to PGS.
Chemical characterizations
An Alpha FTIR Bruker spectrometer was used to determine Fourier Transform Infrared (FTIR) spectra of the samples. 48 scans at a resolution of 4 cm −1 were obtained for each sample.
Raman spectra of the samples were recorded using a R200-L SENTERRA Raman microscope on a Olympus BX51 microscope stand using excitation: 785 nm and 532 nm (He-Ne laser, with a power of 5 mW as the excitation source). The optical spectra of the samples were measured using an UV/vis spectrophotometer (Epoch Biotech Instruments).
Sol content analysis
The crosslinking degree of the nanocomposite network was evaluated by determining sol (uncrosslinked polymer or nanotubes) and gel (crosslinked network) contents. The nanocomposite samples (8 mm diameter and 2 mm thick, and initial weight (W i )) were swollen in THF for 24 hours (n = 5) (swollen weight (W s )). The swollen samples were washed with THF and dried overnight (final weight (W d )). The percentage of sol contents and degree of swelling were calculated by
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Thermal analysis
The thermal properties of the nanocomposite network were investigated by differential scanning calorimetry (DSC) (DSC8500, Perkin-Elmer, USA) and thermogravimetry analysis (TGA) (Pyris 1 TGA, Perkin-Elmer, USA). The samples were dried at 35°C overnight under vacuum. For TGA, samples (∼10 mg) were subjected to a heating cycle of 50°C to 600°C at a heating rate of 10°C min −1 . Initial degradation temperature (T DI ) and peak degradation temperature (T DP ) were determined using the first derivative curve to determine the onset of thermal degradation. For DSC, samples (∼3-5 mg) were heated from −70°C to 100°C under N 2 at a rate of 10°C min −1 , held at 100°C for 5 min, and cooled down to −70°C at a rate of 10°C min −1 . The 1 st cooling cycles and 2 nd heating cycles were used to determine the thermal properties (glass transition temperature (T g ), melting point (T m ), enthalpy of the composites (ΔH)). Considering the thermal decomposition as a first-order reaction, the activation energy (E a ) was calculated using the Horowitz-Metzger method 41, 42 as shown in eqn (3):
Here, E a is the activation energy (kJ mol −1 ); y is the weight loss in fraction; T d is the reference temperature (K), R is the universal gas constant and θ = (T − T d ) (K). The slope obtained from linear plots of ln(ln(1/y)) vs. θ was used to calculate the activation energy.
Mechanical analysis
The mechanical properties of nanocomposite samples were evaluated by uniaxial tensile, and unconfined compression testing using the Instron 5943 Materials Testing System (Norwood, MA, USA) loaded with 50 N load cell. For uniaxial tensile, nanocomposite samples (2 mm wide, 5 mm long × 1.5 mm thick) were used. For compression testing, nanocomposite samples with 5 mm diameter, and 2 mm thickness were used. The crosshead speed of 10 mm min −1 was used for both tensile and compression testing. For cyclic testing, 5 cycles consisting of a loading and an unloading cycle were implemented. The maximum strain was limited to 20%. Mechanical properties such as compressive modulus, ultimate compressive stress, ultimate compressive strain, toughness, and energy absorbed were calculated from the stress-strain curve. The elastic modulus was determined from the linear stressstrain region by fitting a straight line between 5 and 20% strain.
Scanning electron microscopy
The structural morphologies of the nanocomposite surface were evaluated using a scanning electron microscope (JSM 5600LV, JEOL USA Inc., MA). The samples were freeze-fractured using liquid nitrogen to visualize the distribution of CNTs within the PGS network. The samples were allowed to dry in a desiccator for 24 hours before imaging. The nanocomposite samples were coated with Au/Pd for 2 minutes using a Hummer 6.2 sputter coater (Ladd Research, Williston, VT). The fractured surfaces of the nanocomposite samples from the mechanical testing were also analyzed using this method.
Surface analysis, swelling and degradation study
The surface hydrophilicity of nanocomposite films (n = 5) was determined by the drop shape analysis method. A drop of water was poured onto the nanocomposite surface using a 21-gauge flat needle and optical images were collected after 10 seconds of contact. The contact angle of water was determined from the optical images. The swelling degree and degradation of nanocomposite samples (6 mm diameter, 2 mm thick and dried weight (W i )) were determined in phosphate buffer saline (PBS) at 37°C. For swelling study, samples were collected after 24 hours, the excess surface water was blotted and the samples were weighed (W s ). The water-swelling ratio was calculated using eqn (2) . For degradation study, samples were obtained at a predetermined time from PBS, and dried weight (W d ) was determined. The related mass losses were calculated from eqn (4) from their initial and final dry weights:
Protein adsorption
The adsorption of protein on nanocomposite surfaces was determined by soaking the samples (6 mm diameter and 2 mm thick) in PBS overnight and then in 10% fetal bovine serum (FBS) for 24 hours at 37°C. The samples were washed three times with PBS for 10 minutes to remove non-specifically adsorbed proteins. Then samples were subjected to 2% sodium dodecyl sulfate (SDS) solution under shaking conditions (50 rpm, 37°C) for 6 hours to collect adhered proteins.
The supernatant was collected and analyzed using bicinchoninic acid (BCA) protein assay reagent (Pierce BCA, Thermo Scientific). The bovine serum albumin was used as a standard and the supernatant was quantified using an UV/vis spectrophotometer (Epoch Biotech Instruments) at 562 nm.
In vitro study
Bone marrow-derived hMSCs (PT-2501, Lonza, USA) were cultured in normal growth media (α-MEM), containing 10% of heat-inactivated fetal bovine serum (HiFBS, Gibco, USA) and 1% Pen/Strep ( penicillin/streptomycin, 100 U/100 µg mL −1 , Gibco, USA) at 37°C, under a humidified atmosphere with 5% CO 2 . Before cell seeding, the nanocomposite scaffolds were washed using 80-90% ethanol solution and subjected to UV light, followed by thorough washing with PBS. The cells were cultured until 70-75% confluence and were used before passage 4 for all the experiments. The cells were trypsinized (CC-3232, Lonza, USA) and seeded on nanocomposite scaffolds (6 mm cylindrical samples) at the density of 10,000 cells per sample in normal growth media. Cell proliferation over 7 days of culture was evaluated by Alamar Blue assay (Invitrogen, USA) following the standard manufacturer's protocol. For osteogenic differentiation studies, osteogenic media (PT-3924 & PT-4120, Lonza, USA) supplemented with Pen/ Strep, L-glutamine, ascorbate, β-glycerolphosphate, and dexamethasone were used. Alkaline phosphatase (ALP) activity of hMSCs seeded on the nanocomposite surface was quantified on days 7, 14 and 21 using an ALP Colorimetric Assay Kit (ab83369 Abcam, USA) following the standard manufacturer's protocol. The amount of calcium was quantified using a calcium quantification assay kit (ab112115 Abcam, USA) following the standard manufacturer's protocol. The ALP activity and calcium content from each sample were normalized with the DNA content. The DNA content was determined using a Quant-iT PicoGreen kit (Invitrogen, USA) following the standard manufacturer's protocol.
Statistics
The experimental results are represented as mean ± standard deviation (n = 3 to 5). One-way ANOVA with Tukey post-hoc analysis was used to determine the statistical differences between the groups. Statistical significance was represented as *p < 0.05, **p < 0.01, ***p < 0.001.
Results and discussion
Covalently reinforced PGS-CNT nanocomposites
The covalently reinforced PGS-CNT nanocomposites were obtained by a two-step process. In the first step, a low molecular weight PGS prepolymer (M n = 3960 g mol −1 and PDI = 1.6) was prepared by the polycondensation method. Then the PGS prepolymer was dissolved in THF (50% w/v) and the carboxylic functionalized CNTs were incorporated in the PGS prepolymer solution using ultrasonication. The addition of CNTs to PGS pre-polymer solution increased its viscosity. This implies that the low molecular weight PGS prepolymer strongly interacts with carboxyl functionalized CNTs. The resulting PGS-CNT solution was found to be stable with no phase separation or segregation. This PGS-CNT prepolymer mixture was then allowed to dry in a vacuum to evaporate the solvent (THF). In the second step, the dried PGS-CNT prepolymer film was subjected to 130°C for 40 hours to obtain covalently crosslinked PGS-CNT nanocomposites (Fig. 1a) . During this curing step, hydroxyl groups that are present on the PGS chains esterify with the carboxyl groups present on the CNT surfaces to form a covalently crosslinked network.
The optical images indicate uniform distribution of CNTs within the PGS network. As the concentration of CNT increases, the transparency (Fig. 1b) of the nanocomposite film decreases. This is also evident by the increase in the absorbance value in the visible spectra (400-700 cm −1 ). At a macroscopic length scale, uniform dispersion of CNTs within the PGS matrix was observed. The dispersion of CNTs at micro-and nano-length scales was observed by electron microscopy. The electron microscopy images of the fractured nanocomposite surface (Fig. 1c) indicate the uniform distribution of CNTs within a polymeric matrix. All the nanocomposite films show high flexibility and can sustain bending and twisting (Fig. 1d) . The Raman spectra of the PGS-CNT nanocomposites were obtained to determine the interactions between PGS and CNTs (Fig. 1e) . The Raman spectra of multiwall CNTs display two characteristic peaks -1580 cm −1 (graphite or G-band) and 1360 cm −1 (distorted or D-band). The G-band derives from the graphite-like in-plane mode (also known as tangential mode), whereas the D-band corresponds to intrinsic impurities or defects of nanotubes. For carboxylic functionalized CNTs, the G-band is stronger compared to the D-band. After thermal crosslinking of PGS with CNTs, the intensity of the D-band was greater than that of the G-band. This indicates that the structure of CNTs was distorted due to chemical conjugation of CNTs with PGS chains. Earlier studies have also shown that covalent conjugation of the polymer to CNT surfaces results in an increase in D-band intensity. 43, 44 The infrared (IR) spectra also indicated fabrication of chemically crosslinked nanocomposite networks after the thermal crosslinking process. The peaks at 1350 cm −1 (-COOH), 1100 cm −1 (-OH) and 3450 cm −1
(-OH) decreased after the crosslinking process (Fig. 1f ) . The addition of 1% CNTs further resulted in the reduction of these peaks, indicating a higher degree of crosslinking compared to pure PGS. Another method to ascertain the covalent crosslinking between PGS and CNTs is to determine the change in crosslinking density due to the addition of CNTs. The crosslinking density of the nanocomposite network was determined by evaluating the amount of sol content (uncrosslinking macromer) within the network. It is expected that the esterification of CNTs with excess hydroxyl groups available on the PGS backbone provides additional crosslinking sites, and significantly reduces the amount of sol content (Fig. 2a) . The amount of sol within the nanocomposites was determined using THF. PGS readily swells in THF, and thus the sol can be easily leached out and the amount of gel (crosslinked network) can be determined (Fig. 2b) . The addition of CNTs to the PGS network results in a lower swelling degree in THF (Fig. 2c) . For example, pure PGS swells to 987 ± 17%, whereas the addition of 0.25, 0.5 and 1% CNTs reduces the swelling degree to 557 ± 36%, 462 ± 56% and 357 ± 20%, respectively (Fig. 2c) . The amount of sol for PGS was determined to be 20.63 ± 0.67%, similar to the previously reported literature. 45 The addition of CNTs as a chemical crosslinker significantly decreases the amount of sol content due to enhanced crosslinking between CNTs and PGS (Fig. 2d) . The sol contents for PGS nanocomposites containing 0.25, 0.5, and 1% CNTs were 19.33 ± 0.19%, 13.67 ± 0.86%, and 8.36 ± 0.77%, respectively. The addition of 1% CNTs reduces the sol content by 60% to that of pure PGS. These results indicate that CNTs acted as a multifunctional crosslinker and covalently crosslinked with PGS chains.
Thermal stability of PGS-CNT nanocomposites
The chemical infusion of CNTs within the PGS network had improved thermal stability compared to the pure PGS network. The weight loss characteristic of PGS and PGS-CNT nanocomposites was evaluated by thermal gravimetric analysis (TGA) (Fig. 3a) . The derivative curve of the thermal decomposition spectra of PGS and PGS-CNT nanocomposites indicates a multiple-step degradation profile. These steps are introduced due to the polydispersity of the PGS macromer. The first derivative curve, used to evaluate the initial degradation temperature (T DI ), indicates the onset of degradation and the peak degradation temperature (T DP ). For PGS, T DI was ∼320°C and T DP was ∼439°C (Fig. 3a) . The infusion of CNTs (0.25%) within the PGS network enhances the thermal stability of nanocomposites (T DI ∼ 350°C and T DP ∼ 467°C) due to strong covalent interactions between CNTs with PGS. The improved thermal stability of the nanocomposites was attributed to covalent crosslinking between CNTs and PGS that constrains the segmental motion of the PGS backbone. However, no effect on T DI and T DP was observed due to a further increase in CNTs. Similar trends of improving the thermal stability of polymers after reinforcing with CNTs were reported previously. 46, 47 The effect of CNT addition on the kinetics of thermal decomposition of the nanocomposite network was also investigated. The activation energy (E a ) of PGS and PGS-CNT nanocomposites is shown in Fig. 3c . The addition of CNTs to PGS results in an increase in activation energy and the data implied uniform dispersion of CNTs within the PGS network. The effect of CNTs on phase transformation of PGS was investigated using DSC. As shown in DSC endotherms (Fig. 3b) , the glass transition temperature (T g ) of PGS was observed around −28.5°C. A weak endothermic peak at −10°C (T m1 ), followed by a strong endothermic peak at 5.5°C (T m2 ), was due to the melting points of PGS, similar to previously reported literature. 48 The addition of CNTs had no effect on T g ; however, the melting points were decreased due to the disruption of the polymeric network by CNTs. During the cooling cycle, an exothermic crystalline peak was observed in PGS, similar to the previously reported literature. 39 As shown in the cooling cycle, the presence of CNTs within the PGS network decreases both the crystallization temperature and the enthalpy of crystallization (Fig. 3c ). The addition of CNTs increases the number of nucleation sites and the strong interactions between CNTs and PGS results in a decrease in crystallization degree and the enthalpy of recrystallization. Similar results were reported by Liang et al. on PGS-bioglass composites. 49 They reported a decrease in recrystallization energies and recrystallization temperature due to the addition of bioglass to the PGS network. Overall, the results indicate that PGS-CNT nanocomposites are semicrystalline elastomers below their melting point, and amorphous at physiological temperature.
Mechanical properties of PGS-CNT nanocomposites
The covalent crosslinking of PGS and CNTs significantly improved the mechanical properties of the polymeric network. Due to covalent crosslinking of CNTs within the PGS network, it is expected that higher load is required to deform the network compared to the pure PGS network (Fig. 4a) . The mechanical stiffness of PGS-CNT nanocomposites was evalu- ated by uniaxial tensile testing (Fig. 4b) . The elastic modulus and ultimate tensile strength (UTS) of pure PGS were 198 ± 20 kPa and 122 ± 16 kPa, respectively. The addition of CNTs (up to 1%) to PGS resulted in more than a two-fold increase in UTS (275 ± 44 kPa) and in more than a five-fold increase in tensile modulus compared to the PGS network (Fig. 4c) . For example, the nanocomposites containing 0.25, 0.5, and 1% of CNTs resulted in an increase in elastic modulus to 287 ± 13, 732 ± 77, and 1014 ± 103 kPa, respectively. While the addition of CNTs to the PGS network resulted in decrease in the total elongation of nanocomposites, pure PGS showed a maximum elongation of 122 ± 15%. The addition of 0.25, 0.5, and 1% CNTs reduced elongation to 99 ± 10, 38 ± 4, and 43 ± 5%, respectively. The decrease in elongation is expected due to an increase in crosslinking density with an addition of CNTs. We further analyzed the fracture mode of the nanocomposites by electron microscopy (Fig. 4d) . PGS generated an elastomeric scaffold and the fractured surface of PGS indicates the formation of stress concentration that ultimately leads to failure indicating ductile fracture. As the amount of CNT increases, the fracture mode changes from a ductile fracture to a brittle fracture. Nanocomposites containing 0.5 and 1%, CNTs showed minimum surface deformation and the fracture surface displayed a relatively smooth surface morphology typically observed in a brittle fracture.
Elastomeric properties of PGS-CNT nanocomposites
The elastomeric properties of PGS-CNT nanocomposites were investigated using unconfined cyclic compression (Fig. 5a ). TDI and TDP are the initial and peak thermal decomposition temperatures, respectively obtained from TGA thermographs. *The glass transition temperature (T g ), melting temperature (T m ), crystallization temperature (T C ) and enthalpy of the composites (ΔH) were obtained from the heating cycle of DSC endotherms. **The activation energy of thermal decomposition was calculated using the Horowitz-Metzger method using eqn (3).
The compressive modulus of pure PGS was determined to be 0.66 ± 0.07 MPa. The addition of 0.25%, 0.50%, and 1% CNTs significantly increases (*p < 0.05) the compressive modulus of the nanocomposites to 1.73 ± 0.09, 3.34 ± 0.06, and 4.06 ± 0.11 MPa, respectively. The addition of 1% CNTs to PGS results in more than a six-fold increase in the compressive modulus, which is far superior to the mechanical properties previously reported for CNT-based nanocomposites. 43, [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] This increase may be attributed to the strong covalent interactions between PGS and CNTs that restricts polymer chain movement during mechanical deformation. The effect of CNTs on energy absorbed by the network during the cyclic compression was also evaluated (Fig. 5b and  c) . The nanocomposite scaffolds were subjected to five loading and unloading curves until 20% strain. The energy absorbed by the network during deformation and the recovery of the network after the deformation was determined. Pure PGS showed energy absorption of 0.99 ± 0.36 kJ m −3 (recovery ∼95 ± 1.4%) during the first cycle and subsequent cycles (2-5 cycles) showed energy absorption of 0.5 ± 0.03 kJ m −3 (recovery ∼99.2 ± 0.3%). The addition of CNTs significantly enhances (*p < 0.05) the amount of energy absorbed without compromising elastic recovery of the network. For example, nanocomposites containing 1% CNTs showed energy absorption of 6.66 ± 0.64 kJ m −3 (recovery ∼94.9 ± 1.2%) for the first cycle and the subsequent cycles (2-5 cycles) showed energy absorption of 2.85 ± 0.22 kJ m −3 (recovery ∼98.9 ± 0.3%). Thus the incorporation of CNTs into the PGS network results in a significant increase in mechanical stiffness without compromising the elasticity of the nanocomposite networks. This is mainly attributed to the esterification of carboxyl groups of CNTs with the PGS backbone that results in improved load transfer efficiency within the crosslinked network. Overall, the mechanical stiffness due to addition of CNTs in both compression and tension has been shown to increase by five-fold. This is an improvement compared to earlier studies 43 that have reported a moderate 20-300% increase in modulus due to the addition of 1 to 10% of CNTs as summarized in showed a 30% increase in modulus due to the addition of 5% of COOH-modified-CNTs to polyimide (PI). 58 Cha et al. showed an ∼260% increase in modulus due to the addition of 10% CNTs to copper nanocomposites. 61 In a similar study, Koerner et al. reinforced a thermoplastic elastomer (Morthane) with 1-5% CNTs and observed a 200-500% increase in modulus. 60 They attributed the significant increase in mechanical properties in the formation of a percolation network. 60 In another study, Lahiri et al. showed that the addition of 2 and 5% CNTs to poly-(L-lactide-co-caprolactone) (PLC) results in two-fold and 2.4-fold increases in modulus, respectively. 53 Jell et al. developed
CNT-reinforced polyurethane (PU) scaffolds using a thermally induced phase separation method and was able to enhance the compressive modulus by two-fold by adding 5% CNTs. 54 In a similar study, Armentano et al. synthesized poly(DL-lactideco-glycolide) (PLGA 50 : 50) nanocomposite by incorporating pristine and carboxyl functionalized single-walled CNTs. 51 The elastic modulus of PLGA improved more than 300% due to the addition of 1% CNT. 51 The addition of 1% multiwalled CNTs to polyethylene (PE) films also resulted in moderate increase in tensile strength (125%). 59 Hou et al. also showed relatively moderate increase (∼132%) in the mechanical stiffness of polyvinyl alcohol (PVA) due to addition of single-walled and multiwalled CNTs. 50 Other polymers such as poly(dimethylsiloxane) (PDMS), 55 polypropylene (PP), 52 poly(butylene succinate-coethylene glycol) (PBSG), 56 poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) 57 also showed moderate increase in mechanical properties as shown in Fig. 5d . The results reported here (PGS-CNTs) are quite unique as more than 500% modulus of polymeric networks can be enhanced by just the addition of 1% CNTs. Moreover, the synthesis technique to obtain PGS-CNT nanocomposites is relatively simple and does not require extensive post-processing.
In vitro stability of PGS-CNT nanocomposites
For biomedical and biotechnological applications, it is important to investigate the in vitro stability of nanocomposite biomaterials. The surface characteristic and in vitro degradation of PGS-CNT nanocomposites were determined under a physio- The increase in mechanical stiffness due to addition of CNTs to different polymeric matrices is summarized (PVA, 50 PLGA, 51 PP, 52 PLC, 53 PU, 54 PDMS, 55 PBSG, 56 PHBV, 57 PI, 58 PE, 59 Morthane 60 ).
These data have been re-plotted from published reports. Most of the earlier studies have reported a moderate 20-300% increase in modulus due to the addition of 1 to 10% of CNTs. Current study (PGS-CNTs) showed more than 500% increase in modulus of polymeric networks by the addition of 1% CNTs, which is not reported previously. (One-way ANOVA with Tukey post-hoc analysis, *p < 0.05, ***p < 0.001.)
logical environment. It is expected that the addition of CNTs to PGS should increase the in vitro stability of nanocomposites due to the increase in the crosslinking density. The surface characteristic of PGS and PGS-CNT nanocomposites was determined by optical tensiometry (goniometry). The esterification of carboxyl groups of CNTs with hydroxyl groups of PGS reduces the hydrophilic nature of the nanocomposites. The contact angle of a sessile water drop on the nanocomposite surface was used to determine the hydrophilicity of the material (Fig. 6a and b) . The contact angle of the PGS surface was observed to be 69.78 ± 1.39°, similar to the previously reported literature. 40 Incorporation of CNTs into the PGS network significantly enhances the contact angle of water. The addition of 0.25%, 0.5%, and 1% CNTs to PGS increases the contact angle of water to 71.01 ± 1.26°, 78.54 ± 1.65°, and 79.63 ± 1.10°. This result was further supported by evaluating hydration degree of nanocomposites (Fig. 6c) . The addition of CNTs significantly reduces water uptake ability of the nanocomposites. It is expected that this may also retard degradation of the polyester backbone and also alter the interaction of nanocomposites with biological entities such as proteins and cells. PGS degrades via the surface erosion mechanism and displays linear degradation behavior under in vitro and in vivo conditions. 36, 45 A linear degradation behavior is preferable for tissue engineered scaffolds to follow, with the ECM biosynthesis rate. The degradation properties of PGS and PGS-CNT nanocomposites were determined under physiological conditions (PBS, 37°C). From the contact angle measurement results, it was observed that the addition of CNTs decreases the hydrophilicity of the nanocomposite network; thus, it was expected that the addition of CNTs should result in a decrease in the degradation rate of the nanocomposites. Under in vivo conditions, PGS degraded relatively fast compared to in vitro conditions. The fast in vivo degradation of PGS is attributed to the presence of esterases in the surrounding microenvironment that accelerates the degradation process. In order to closely mimic the in vivo degradation, PGS and PGS-CNT nanocomposites were subjected to 0.01 M NaOH, which also accelerates the rate of degradation through alkaline-catalyzed conditions. The mass loss of PGS and PGS-CNT nanocomposites in 0.01 M NaOH was monitored over 30 days (Fig. 6d) . All samples follow a linear degradation without compromising the structural integrity. After 30 days, the mass loss of PGS was 49.4 ± 2.8% (degradation rate ∼11.5% per week), addition of 0.25%, 0.50%, and 1% of CNTs results in mass loss (degradation rate) of 44.8 ± 1.7% (∼10.5% per week), 25.8 ± 2.2% (∼6% per week), and 21.3 ± 0.8% (∼5% per week), respectively. The mass loss data indicate that with an increase in CNT concentration, the rate of degradation decreases.
Compared to earlier studies with polyester-carboxyl functionalized CNT nanocomposites, the covalently crosslinked PGS-CNT nanocomposites reported here showed opposite trends in degradation behavior. For example, Armentano et al. analyzed the in vitro degradation behavior of PLGA-CNT nanocomposites where it was observed that the presence of carboxyl functionalized CNTs induced faster degradation of nanocomposites. 62 Zhao et al. also observed similar trends in the PLLA-CNT nanocomposite system. 63 In both of these studies, the functionalized CNTs were physically entrapped within the polyester structures and no covalent interactions of CNTs with the polymer backbone were observed. 62, 63 Moreover, due to the hydrophilic nature of carboxyl groups present on functionalized CNTs, the hydration ability within polyester nanocomposites was also enhanced and resulted in accelerated degradation. Thus, the degradation data in PGS-CNT nanocomposites also indirectly demonstrated the esterification of carboxyl functionalized CNTs within the PGS network.
hMSC adhesion, proliferation, and differentiation on PGS-CNT nanocomposites
To evaluate the feasibility of the PGS-CNT nanocomposite network for tissue engineering applications, cell-matrix interactions were evaluated using hMSCs. PGS and PGS-CNT nanocomposites were seeded with hMSCs to determine the effect of CNTs on metabolic activity and ALP production. The metabolic activity of adhered hMSCs was determined by Alamar Blue assay for 10 days (Fig. 7a) . Compared to the TCPS control, the metabolic activity of seeded hMSCs was almost half on PGS and PGS-CNT surfaces. However, no significant difference in the metabolic activity of seeded hMSCs was observed due to the addition of CNTs. The in vitro study was carried out for 10 days and all scaffolds were intact during this time frame. Under in vivo conditions, PGS might degrade and entrapped CNTs might emerge. It is expected that these CNTs might result in mild inflammation and fibrosis. However, additional in vivo studies are needed to determine the long-term efficacy of PGS-CNT nanocomposites.
Having established the ability to support hMSCs proliferation, we investigated the potential of PGS-CNT nanocomposite for orthopaedic tissue engineering by monitoring the osteogenic differentiation of hMSCs. We monitored ALP activity on days 7, 14 and 21, and calcium production on days 14 and 21. ALP is an early marker and hallmark of osteogenesis. The addition of CNTs resulted in significant (*p < 0.05) upregulation of ALP production on PGS-1%CNTs compared to pure PGS (Fig. 7b) . This indicates that stiffness of the nanocomposite may play a significant role in osteogenesis. As expected on days 14 and 21, no significant difference in the ALP activity was observed. A similar trend was observed in calcium production on days 14 and 21. The nanocomposite containing 1% CNTs shows a slightly higher amount of calcium on day 14 compared to PGS, although no significant difference was observed. But on day 21, nanocomposites containing 1% and 0.5% CNTs show a significantly (*p < 0.05) higher amount of calcium compared to PGS scaffolds (Fig. 7c) . The increase in ALP expression and calcium production might be attributed to the increase in surface hydrophobicity, change in surface topography and increase in stiffness due to the addition of the CNTs to the PGS networks.
Conclusions
We have successfully designed and developed stiff, elastomeric nanocomposites from PGS and CNTs. To our knowledge, this is the first attempt to physically entrap and covalently conjugate the CNTs within the PGS structure. Imaging techniques revealed a uniform distribution of CNTs within the PGS network. The addition of 1% CNTs to PGS results in a five-fold increase in the tensile modulus and six-fold increase in the compressive modulus. The reported increase in mechanical properties is much superior compared to previously published literature for CNT-based nanocomposites. Despite a significant increase in mechanical stiffness, the elasticity of the network was not compromised and all the nanocomposites showed more than 94% recovery. The strong covalent interactions between PGS and CNTs restrict polymer chains movement during mechanical deformation and result in novel property combinations that are not observed in conventional nanocomposites. The addition of CNTs to PGS increases the surface hydrophobicity of nanocomposites and thus reduces the degradation rate up to 40% compared to PGS. Additionally, in vitro studies using hMSCs indicated that the addition of CNTs to PGS supports the differentiation potential of the seeded hMSCs as indicated by the increase in ALP activity and production of calcium. Overall, the unique property combinations of ultra-stiff, elastomeric CNT-PGS nanocomposites make them potentially suitable for biomedical applications such as scaffolding in musculoskeletal tissue engineering.
